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INTRODUCTION 
 
Mutipactor effect is a resonant vacuum discharge frequently observed in microwave and millimetre-wave sub-systems 
as filters, multiplexers and RF satellite payloads. In such components, the presence of dielectric materials is commonly 
employed as dielectric resonators as well as support elements. The multipactor effect including the presence of 
dielectric materials has been investigated in the context of Physics of Particle Accelerators. In particular, multipactor in 
dielectric surfaces has been studied for two kinds of applications: ceramic RF windows [1], [2] and an alumina-based 
dielectric-loaded accelerating structure [3]. In both cases, a permanent single-surface multipactor regime is considered. 
 
However, the multipactor RF breakdown on dielectrics in the scenario of RF systems for space applications has not 
been deeply investigated to the knowledge of the authors. The development of threshold charts of simple dielectric-
loaded waveguide structures is fundamental for the correct design of high-power dielectric-loaded resonator filters and 
components. 
 
In this demanding scenario, the objective of this paper is to study the multipactor effect in simple dielectric-loaded 
waveguide structures. In particular, this work is focused on the appearance of multipactor discharge in the case of the 
parallel plate waveguide partially filled with a dielectric layer. In order to proceed, a theory based on the classical Hatch 
& Williams model [4], [5] including the presence of a dielectric slab has been developed. To check the results obtained 
with this approach, numerical simulations based on the calculation of individual electron trajectories have been 
performed. Results show, as expected, that the use of dielectrics within high-power microwave devices for satellite 
applications minimize the risk of development of a multipactor discharge. 
 
THEORY 
 
The main aim of this work is to study the presence of multipactor in a parallel plate waveguide partially filled with a 
dielectric material (as a first step to study more complex waveguide structures including a dielectric material). The 
geometry and dimensions of the problem are given in Fig. 1. The distance between the two metallic parallel surfaces is 
d, while the dielectric slab, of height h, is placed on top of one of the metallic plates. An RF voltage swing of the form 
() α π + = ft V t V 2 sin ) ( 0  is applied to both plates. 
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Fig. 1. A parallel plate waveguide partially filled with a dielectric material. 
 An RF electric field associated to this voltage swing appears between both plates. The RF electric field in the air gap 
space, which is perpendicular to both metallic plates, is given by  ( ) α π + ft E 2 sin 0 , where  0 E  can be calculated 
through 
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0 . (1) 
The magnetic field associated to this RF electric field has been neglected in this work, as suggested by many authors 
[1], [4], [5]. 
 
This electron inside the  h d −  empty gap is accelerated due to the RF electric field. Occasionally the electron collides 
either with the top surface metallic plate or with the bottom dilectric layer. Each collision may yield to the emission of 
secondary electrons. Upon every impact, i, a secondary emission yield function, δ , is called to determine the number 
of secondary electrons emitted,  i δ , depending on the primary electron impact kinetic energy and the secondary 
emission characteristics of the surface material. The total number of electrons,  total N , is calculated after each impact 
using  
  i i i total N N N δ 1 − = = , (2) 
where  1 − i N  is the number of electrons before impact i. The simulations start assuming the presence of a single 
electron,  1 0 = N . The total number of electrons at a given instant can also be obtained by  
  metal dielectric total N N N ⋅ = , (3) 
where  metal N  is the number of electrons emitted from the top metallic surface and  dielectric N  is the number of electrons 
emitted from the dielectric layer. The latter electrons have a significant effect on the time evolution of the problem. As 
these electrons emitted from the dielectric surface leave this layer, a positive charge builds up in the dielectric material. 
This charge, in turn, makes a DC electric field to appear in the  h d −  empty gap. The DC electric field is time varying 
as it depends on the number of electrons leaving the dielectric layer. The DC electric field,  DC E , may be found using 
  x
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where  e is the charge of an electron and  A is the area of the dielectric surface considered. The larger the value of 
dielectric N , the stronger the static field becomes. However the stronger  DC E  becomes the quicker electrons emitted from 
the dielectric surface return to this layer, thus not having enough time to accelarate and gain energy from the RF field 
and unable to strike the top surface. In the next collision against the dielectric film the electron impact energy is 
necessarily small, which means that either  1 = δ  (elastic collision) or  1 < δ . Thus, either the DC electric field remains 
constant (saturates) or decreases once it reaches a critical value. 
 
The simulations that are included in this work have been performed following the trajectory, eq. (5), of a single 
electron: 
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where  m  is the mass of an electron at rest,  f π ω 2 = , and  0 x  and  0 v  are the initial electron position and velocity 
respectively at time  0 t . 
 
In this work realistic secondary emission functions have been employed. These functions include the effect of elastic 
collisions, which need to be included in order to obtain accurate results [6]. Fig. 2 provides the secondary electron 
emission yield function for silver including the effect of elastic collisions (as suggested by [6]). As stated in [7] if elastic 
collisions are not taken into account the simulated results may differ significantly. 
The parameters that define the secondary electron emission properties for the different materials employed in the 
simulations presented in this work are given in Table 1. Table 1 provides the primary electron impact energy which 
yield  1 = δ , W1 and W2, the impact energy necessary for a primary electron to yield  MAX δ δ = , WMAX, and the value of 
primary electron impact energy W0 ( 0 = δ ) that limits the region of elastic collisions. Table 1 also includes the relative 
dielectric permitivity of the dilectric materials employed in the simulations. 0 2000 4000 6000 8000 10000
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Fig. 2. Secondary electron emission yield curve for silver. 
 
Table 1. Secondary electron emission function parameters for different materials. 
 
MATERIAL  W1 (eV) W2 (eV) WMAX (eV) W 0 (eV) εr 
Silver  30.0 5000  165 15.994 - 
Copper  25.0 5000  175  9.888 - 
Alumina  23.8 14135  1300  7.501 9.5 
Quartz Glass  30.0 3040  420  6.876  4.0 
 
The results obtained from the simulations performed using the software developed in this work are compared to similar 
results found in the literature. In particular, the charts which predict multipactor regions presented in the next section 
also include the prediction provided by Multipactor Calculator [8] under the same conditions. The program has been 
also used to reproduce some of the results given in [9] for the parallel electrodes problem, finding similar bright and 
shadow energy bands, see [9], when performing the simulation under the conditions stated in [9], as can be seen in Fig. 
3. 
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Fig. 3. Bright and shadow regions for  1 . 29 = d mm and  500 = f MHz. Comparison between the results obtained in this work 
(continuous line) and those given in [9] (dashed line). 
 
SIMULATIONS 
 
The simulation CAD tool developed in this work can be used in many ways. It can provide the trajectory of an electron 
located in the gap between a parallel plate waveguide partially filled with a dielectric layer if a voltage swing is applied 
between the plates. The user can specify: the SEE material properties and dimensions of the different geometries 
involved in the problem, the frequency  f , amplitud  0 V , and the initial phase α  of the applied RF voltage, the number of impacts or the number of RF cycles before the simulation stops and also the magnitudes to be represented as a 
function of time or impact number. The program may be used to obtain more complex simulated data as for example 
susceptibility charts, as will be shown next, or it can be employed to determine specific responses for a given problem, 
such as the curve presented in Fig. 3. 
 
a. Time evolution of multipactor discharge in a dilectric-coated silver parallel plate waveguide. 
 
In this subsection the silver parallel plate waveguide partially filled with alumina is studied. For the particular selected 
case the parameteres are:  0 . 3 = d mm,  3 . 0 = h mm,  0 . 4 = ×d f GHz×mm,  1000 0 = V V,  0 0 = DC E V/m,  0 = α º and 
5 . 9 = r ε . The electron is located at  2 / 0 d x =  at  0 0 = t s, and its initial velocity is  0 0 = v m/s. The waveguide area 
used to calculate through expression (4) the time varying DC field is  0 . 10 = A cm
2. 
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Fig. 4. Trajectory of an electron in the silver parallel plate waveguide partially filled with alumina for 100 RF cycles. 
 
Fig. 4 shows the trajectory followed by the electron for 100 RF cycles. During the first cycles the electron collides with 
the top and bottom surfaces in what appears to be a first order multipactor process. As seen in Fig. 5, the total number 
of electrons,  total N , increases as electrons impacting with the metallic and dielectric plates emit secondary electrons 
( 1 > δ  for each impact). The number of electrons emitted from the dielectric layer is given by  dielectric N . As  dielectric N  
increases the DC electric field becomes more intense following eq. (4). The time evolution of the DC electric field can 
be observed in Fig. 6. 
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Fig. 5. Time evolution of number of electrons. 
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Fig. 6. Time evolution of DC electric field. 
 
At around  10 = t ns the DC electric field becomes so strong that the electron leaving the dielectric plate is unable to 
strike the top surface. The static field pulls the electron back to the dielectric plate and the collisions that follow either 
are elastic or fall in the  1 < δ  region, making weaker the DC field (the consequence being that the DC field saturates at 
a given value). Therefore the electron may again be able to reach the top layer. Figures 7.a and 7.b show a closer view 
of the trajectory, in order to help to the understanding of this phenomenon. 
 9 10 11 12 13 14 15 16 17 18
-1
-0.5
0
0.5
1
1.5
2
2.5
3
x
 
(
m
m
)
Time (ns)
Metallic plate
Metallic plate
Dielectric plate
 
Fig. 7.a. Trajectory of the electron for 9.0 ns. The electron 
reaches the top surface once the DC electric field has 
diminished due to  1 < δ  collisions. 
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Fig. 7.b. Closer view of the trajectory where multiple impacts 
against the dielectric layer in a short time due the the intense 
static field can be observed. 
 
Although the static field saturates (as does the number of electrons generated in the dielectric layer) the total number of 
electrons may still increase due to collisions at the top metallic surface. This is clear at the sight of Fig. 5 and constitutes 
a significant difference from the single dielectric layer multipactor problem case studied in [1], where the saturation of 
the DC electric field necessarily implied the saturation of the total number of electrons. In order to find an explanation 
to the fact that  total N  increases although  dielectric N  remains constant after  10 = t ns, Figs. 8.a and 8.b show the impact 
energy of the electron at each impact against the top metallic plate and against the bottom dielectric surface 
respectively. The simulation is run for 10000 RF cycles. Around 5000 impacts have been counted and their impact 
energy plotted in the histogram of Fig. 8.a for the silver plate, while arround 35000 impacts have taken place at the 
dielectric surface and have been included in the histogram of Fig. 8.b. The secondary electron emission yield curves are 
also included in Figs. 8.a and 8.b to make it evident that most of the collisions against the metallic surface yield  1 > δ , 
while very few of them do so at the dielectric plate. Impacts at the dielectric surface almost always imply a very low 
impact energy (each impact is either elastic or  1 < δ ). Those few impacts at the dielectric surface having impact 
energies ranging from 800 to 1000 eV (see Fig. 10) mainly occur before  10 = t ns. 
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Fig. 8.a. SEE yield curve for silver and impact energy for 
5137 impacts at the silver plate. 
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Fig. 8.b. SEE yield curve for alumina and impact energy for 
35236 impacts at the alumina surface. 
 
b. Multipactor discharge susceptibility charts. 
 
In order to provide useful results for the design of RF and microwave structures several charts have been generated for 
different metallic and dielectric materials. These charts show the existence of multipactor discharge as a function of  0 V  
and  d f × . For each  0 V - d f ×  condition 360 initial α  of the RF electric field are used to compute the percentage of 
α  that lead to the existance of multipactor discharge. For each  0 V - d f × -α  multipactor occurs if after 30 impacts 
1 > total N . For each  0 V - d f ×  the percentage of α  that leads to the existence of multipactor is computed and plotted in susceptibility charts. The representation chosen for those charts assigns a black color to those  0 V - d f ×  points 
where multipactor occurs at least in the 99.0% of a population of 360 electrons, a dark gray color where multipactor 
occurs at least in the 90.0% of the simulated α , a ligth gray color if multipactor occurs at least in the 50.0% of all cases 
and an even lighter gray color if multipactor occurs at least in the 5.0% of all α . 
 
Fig. 9 shows the susceptibility chart obtained for the silver parallel plate empty waveguide. Superimposed to these color 
maps are also indicated the different mode limits and their envelop given by Multipactor Calculator, [8]. Fig. 10 
reproduces the same information provided in Fig. 9 but in the case of the copper parallel plate empty waveguide. A 
good agreement can be observed between the results provided by this work and those given by Multipactor Calculator. 
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Fig. 9. Silver parallel plate empty waveguide susceptibility 
chart. 
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Fig. 10. Copper parallel plate empty waveguide susceptibility 
chart. 
 
In order to modify the multipactor characteristics of this waveguide, it has been partially filled with layers of different 
heights of dielectric materials. In particular Fig. 11.a shows the susceptibility chart for the silver parallel plate 
waveguide case but coated at its bottom with a thin film of alumina ( 0 . 3 = d mm and  0 . 3 = h µm). At the sight of Figs. 
9 and 11.a it is evident that multipactor has been partially eliminated (when coating the waveguide) for some  0 V - d f ×  
points where multipactor occured in the empty waveguide case. The effect of making larger the height of the dielectric 
layer can be observed in Fig. 11.b, where  0 . 3 = d mm and  5 . 1 = h mm. 
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Fig. 11.a. Silver parallel plate waveguide partially filled with 
alumina ( 5 . 9 = r ε ) susceptibility chart.  0 . 3 = d mm and 
0 . 3 = h µm. 
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Fig. 11.b. Silver parallel plate waveguide partially filled with 
alumina ( 5 . 9 = r ε ) susceptibility chart.  0 . 3 = d mm and 
5 . 1 = h mm. 
 
Other dielectric materials can be employed to coat the waveguide, as for example quartz glass. Fig. 12 shows the 
susceptibility chart simulated when  0 . 3 = d mm and  0 . 3 = h µm for the silver parallel plate waveguide partially coated 
with quartz glass. 10
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Fig. 12. Silver parallel plate waveguide partially filled with quartz glass ( 0 . 4 = r ε ) susceptibility chart.  0 . 3 = d mm and 
0 . 3 = h µm. 
 
In order to better understand the reason why some  0 V - d f ×  conditions lead to the existence of multipactor discharge 
(for a given problem) while others do not, histograms presented in Figs. 8.a and 8.b may be employed. As an example 
the silver parallel plate empty waveguide case is considered, and in particular two different  0 V - d f ×  conditions are 
studied. 
When  100 0 = V V- 0 . 1 = ×d f GHz×mm impacting electrons may be grouped, as in Fig. 13.a in a histogram upon their 
impact energy. This is also done in the case of  2000 0 = V V- 0 . 1 = ×d f GHz×mm in Fig. 13.b. In the former case 
electrons always strike either the top or the bottom surface with energies that imply  1 > δ , while in the latter  1 ≤ δ  for 
almost all impacts. 
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Fig. 13.a. SEE yield curve for silver and impact energy for 
105 impacts at the silver top plate (200 RF cycles 
considered). 
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Fig. 13.b. SEE yield curve for silver and impact energy for 
4205 impacts at the silver top plate (200 RF cycles 
considered). 
 
 
This is evidently in concordance with the fact that the susceptibility chart of Fig. 9 suggests the existence of multipactor 
discharge for the case  100 0 = V V- 0 . 1 = ×d f GHz×mm but not in the case of  2000 0 = V V- 0 . 1 = ×d f GHz×mm. 
 
CONCLUSIONS 
 
In this work a new tool for the prediction of multipactor discharge in the parallel plate waveguide partially filled with a 
dielectric layer has been presented. The tool makes use of realistic SEE yield curves, which include the effects of elastic 
secondary electrons, to determine the existence of multipactor discharge. Using the simulation tool developed in this 
investigation it is possible to examine the time evolution of the different magnitudes involved in the problem such as the 
growing static field or the trajectory of the electrons. Histograms where electrons were classified upon their kinetic 
impact energy have proven to be very useful in order to explain the presence of multipactor or the time evolution of the phenomenon. A good agreement has been attained between the simulated results provided by the program and the 
results of previously reported works. In particular, susceptibility charts have been obatined for different geometries of 
metallic parallel plate waveguides partially filled with a dielectric layer. 
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